Findings of laser-assisted atom probe tomography experiments on boron carbide elucidate an approach for characterizing the atomic structure and interatomic bonding of molecules associated with extraordinary structural stability. The discovery of crystallographic planes in these boron carbide datasets substantiates that crystallinity is maintained to the point of field evaporation, and characterization of individual ionization events gives unexpected evidence of the destruction of individual icosahedra. Statistical analyses of the ions created during the field evaporation process have been used to deduce relative atomic bond strengths and show that the icosahedra in boron carbide are not as stable as anticipated. Combined with quantum mechanics simulations, this result provides insight into the structural instability and amorphization of boron carbide. The temporal, spatial, and compositional information provided by atom probe tomography makes it a unique platform for elucidating the relative stability and interactions of primary building blocks in hierarchically crystalline materials.
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bond dissociation | laser-assisted atom probe tomography | ab initio molecular dynamics | multiple hits I cosahedra are commonly observed polyhedra in nature and can be found in a wide variety of molecules, viruses, minerals, and ceramics (1) (2) (3) (4) . The architecturally efficient icosahedral geometry and tight covalent bonding result in an unusually stable atomic configuration and in many cases, extraordinary properties. The prodigious structural stability, rigidity, and strength of C 60 nearly spherical fullerene molecules (Bucky balls) are well-documented and have received considerable attention (5) . Elemental boron and boron-based ceramics also form nearly spherical icosahedra (3, 4, 6) , and the extreme hardness of these borides has been attributed to the presence of these icosahedra. In the case of boron carbide, one of the hardest structural ceramics, B 12 or B 11 C icosahedra are stacked with rhombohedral symmetry and connected by three atom chains (Fig. 1A) (3, 6) .
For boron carbide, the relative bond strength between the atoms in the icosahedra and chains is still being debated, but the icosahedra are generally thought to be very strong and stable because of their near-spherical shape and the highly delocalized fullerene-like intraicosahedral sp 2 bonds (3, 7-10). As a result of its high hardness, boron carbide is an excellent candidate for use in personal body armor; however, it undergoes a dramatic loss of ballistic performance in high-energy impacts. This loss is attributed to the formation of nanoscale amorphous shear bands (11) . The shear amorphization of boron carbide has been confirmed by indentation experiments (12) (13) (14) (15) (16) , but a fundamental understanding of the mechanism underlying it has not been fully established. It has been suggested that local shear first breaks the weaker chains and then, displaces and ruptures the stronger icosahedra (16) , but recent quantum mechanics (QM) simulations attribute the instability to disintegration of the icosahedra (17, 18) .
In this study, we carried out field evaporation experiments on boron carbide using a state of the art UV laser-assisted local electrode atom probe. Atom probe tomography (APT) is conventionally used for both 3D imaging and chemical composition measurements at the atomic scale (19, 20) . Here, we embraced another dimension of atom probe data mining by statistically investigating the evaporation events, counting the types and numbers of atoms per laser pulse and deducing the relative stability of boron carbide icosahedra and chains. Our atom probe results show that, in boron carbide, the icosahedra are actually less stable than the chains and that chainicosahedron bonds are unexpectedly strong, findings in direct contrast to conventional conjecture.
To carry out the field evaporation experiments, we shaped consolidated boron carbide samples with close to B 4 C stoichiometry into very sharp needles with ∼20-nm radius using a focused ion beam (FIB). An example of an APT needle is provided in the bright-field transmission EM (TEM) micrograph in Fig. 1B . One common concern of using FIB-prepared specimens for APT data analysis is the structural and chemical changes induced by the high-energy Ga + beam (21) . Boron and carbon were found to be uniformly distributed throughout the specimens, whereas gallium was only observed in the top few nanometers of each specimen (Fig. 1C) . This result establishes that analyzed volumes taken away from the damaged layer are free of gallium implantation and that the detected field evaporation behavior is from the pristine boron carbide.
The atom probe experiments are conducted under the principles of field evaporation. Application of a very intense electric field polarizes surface atoms (or molecules), and superposition of rapid voltage or laser pulses ionizes and liberates individual atoms or molecules from the surface. The liberated ion is then accelerated by the intense electric field and captured on a position-sensitive detector that records its spatial and chemical information. Successive field evaporation events are used to create a 3D dataset of the sample (22) . Details about the principles of APT can be found in SI Materials and Methods.
Significance
The extraordinary hardness of boron compounds is related to their internal structure, which is comprised of 12-atom icosahedra arranged in crystalline lattices. In these hierarchical materials, the icosahedra are easy to image with EM, but individual atoms are not. Here, we show that laser-assisted atom probe tomography can be used to deduce the atomic structure and relative interatomic bond strengths of atoms in boron carbide. To our surprise, the icosahedra disintegrated during the field evaporation process. Statistical analyses of event multiplicity and stoichiometry in the atom probe dataset substantiate that the icosahedra are less tightly bound than their interconnecting chains. Comparisons with quantum mechanics simulations further suggest that this instability plays a role in the amorphization of boron carbide. 
Results and Discussion
During the laser-assisted field evaporation process, laser illumination provides thermal energy to the atom probe tip to assist in the field evaporation process. A pertinent question is whether the tip is melted by the laser pulse, but the dataset that we collected provides strong evidence to show that boron carbide tips do not melt during field evaporation. A detailed discussion of the thermal effects that occur during laser illumination can be found in SI Materials and Methods and Fig. S1 , but the definitive evidence against melting is in the fact that we observed no loss of molecular-level crystallinity. The rhombohedral symmetry was retained (for example, Fig. 2) , and (001) planes with a lattice spacing of 0.42 nm can be observed. This crystallinity provides clear evidence that the observed breaking of icosahedra in APT is not associated with high-temperature melting and opens an avenue for atomic-level characterization of the icosahedra.
The field evaporation characteristics of boron carbide in the atom probe can first be reasoned in a thought experiment. The icosahedra were expected to be very stable, and the intense electric field, assisted by laser-pulsed illumination, was expected to break the intericosahedral and chain-icosahedra bonds, with whole icosahedra evaporated as molecular ions. QM calculations (17, 18) predict that the most stable atomic configuration for crystalline boron carbide is (B 11 C)CBC, with 12 atoms (B 11 C) in each icosahedron and three atoms (CBC) in the chain. This configuration is supported but not yet confirmed by aberrationcorrected scanning transmission electron microscopy (STEM) images (16) . This APT study was originally undertaken to experimentally differentiate between the existence of B 11 C and B 12 icosahedra. In the atom probe data, the peaks corresponding to B 11 C icosahedra on the mass spectrum would appear at about 130, 65, and 44 Da for charge states of 1+, 2+, and 3+, respectively.
To our surprise, APT experiments showed no such signals (Fig. 3A) . All measured peaks have a mass to charge ratio of less than 25 Da. An expanded view of these peaks (Fig. 3B ) reveals that they are predominantly boron and carbon ions, with a very small number (∼0.3%) of C 2 + complex ions. The icosahedra were completely disintegrated during field evaporation in the atom probe. This finding was consistent for all six tested specimens and insensitive to crystal orientation, direct current (DC) voltage (4-8 kV), specimen temperature (20-50 K), and laser energy (30-50 pJ) (Fig. S2) .
Furthermore, closer examination of the evaporation statistics revealed that icosahedra and chains in boron carbide were field evaporated differently. In this study, ∼35% of the atoms were detected as single events, and ∼65% of the atoms were detected as multiple events (bar chart in Fig. 3C ). Single events corresponded to the release of individual atoms, whereas a multiple event occurred when two or more atoms were liberated per laser pulse (23) . Multiple events can be further partitioned into double events, triple events, etc. depending on the exact number of atoms detected per laser pulse. When the atomic fractions of boron and carbon were plotted as a function of event multiplicity (solid lines with squares in Fig. 3C ), they were found to be different and deviate from the bulk composition (dashed lines in Fig. 3C ). The measured boron content in the single events is ∼89%, very close to the B 11 C icosahedron stoichiometry of 92%. This correlation suggests that most of the single events can be attributed to atoms from the icosahedra. In the case of double events, the boron and carbon contents match the bulk composition, suggesting that equal proportions of icosahedra and chains were field evaporated. In higher-multiplicity events, the corresponding carbon concentrations are ∼35%, much higher than the icosahedral carbon content of ∼8%, suggesting that the higher-order multiple events involve atoms from the carbon-rich chains. As explained in SI Materials and Methods, this increase is not associated with multiple eventrelated detector dead time. This ∼35% carbon concentration is significantly lower than that of CBC chains (at 67%), implying that some fragmented icosahedra were also evaporated in this scenario, which will be discussed shortly.
The apparent distinctions in the field evaporation behaviors of icosahedra and chains provide a direct comparison of their stabilities. The APT community has shown that atoms that are comparatively weakly bonded (e.g., metals) are more often evaporated as single events, whereas strongly bonded atoms (e.g., ceramics and polymers) tend to generate substantial numbers of complex ions and multiple events (22) (23) (24) (25) . We also note that most atoms detected in each multiple event were observed to be spatially correlated on the detector plane (Fig. S3) , implying that the atoms that evaporated in a single laser pulse came from the same region of the sample and were originally bonded together (Fig. S4) . In this series of experiments, most single events are attributed to the icosahedra, with multiple events associated with chains. This finding suggests that, contrary to common belief, the icosahedra are actually less atomically stable than the chains.
More detailed analysis of the chemical correlation (i.e., the statistics of atom species evaporated from each pulse in multiple events) offers additional insight on the relative instability of icosahedra. Inspection shows that most multiple events involve carbon atoms and that many involve more than one carbon atom (Fig. 3D) . Events with multiple carbon atoms cannot come from a single icosahedron. Moreover, events with multiples of both boron and carbon (e.g., 2B2C, 3B2C, and 2B3C) could not have been produced by evaporation of a single chain or a single icosahedron. Coevaporation of neighboring icosahedra could, in principle, produce counts with two C atoms, but the overall stoichiometry of multiple atom events (Fig. 3C) does not support this interpretation. Instead, the observed chemical correlation indicates that portions of a chain and an adjacent icosahedron evaporate simultaneously, which points to the existence of strong chain-icosahedra bonding in boron carbide.
To further understand the destruction process of icosahedra in APT, we emulated field evaporation with QM simulations [Perdew-Burke-Ernzerhof (PBE) flavor of Density Functional Theory] using the Vienna ab initio simulation package (26, 27) , which allowed visualization of the bond-breaking sequence and determination of the relative stability of the icosahedra and chains (Movie S1). To mimic the atom probe experiment in a simplified model, we created the (111) surface of the B 4 C crystal, so that intact icosahedra might be most easily achieved. Other orientations [for example, (100)] tend to result in broken icosahedra on the surface, so that the stability of intact icosahedra cannot be directly assessed. To charge the surface atoms with broken bonds, we removed four electrons from the system. To mimic the high DC voltage on the specimen in the experiment, we applied a strong electric field 30 V/Å (28) perpendicular to the surface. Because laser illumination is fundamentally a thermally assisted process (29), we introduced thermal perturbations by heating the tip from 300 to 2,050 K over 8 ps. We note that the simulation requires an overestimation of the temperature expected in experiments because of the extremely small simulation cell and extremely high heating rate. Nevertheless, the QM simulations were used to gain insight into local bonding and its influence on the measured instability of the icosahedra.
The QM simulations cannot reproduce the ejection of ions from the surface, but they do provide an opportunity to monitor the evolution of local bonding and its effect on the arrangement of atoms both within and between neighboring icosahedra and chains. The ground-state structure of the (111) surface at 300 K is shown in Fig. 4A. All icosahedra (labeled 1-3) are intact, and the surface carbon atom (C) in the chain that was cut to create the surface stays connected to boron atoms (B 1 and B 2 ) in neighboring icosahedra. As the energy was increased, numerous intraicosahedral bonds in icosahedron 2 were broken, but atom C remained attached to atoms B 1 and B 2 (Fig. 4B) . The observation that the intraicosahedral bonds were the first to break mimics our experimental finding that icosahedra were destroyed before they could be ionized and ejected from the surface. Both experiments and simulations indicate that, although icosahedra have strong sp 2 bonds and nearspherical geometry, they are not as stable as previously anticipated. By contrast, the chain-icosahedral interaction was found to be surprisingly stable. It is worth noting that icosahedra 1 and 3 remained intact when icosahedron 2 was broken, which further supports our interpretation that the breaking of icosahedra is caused by local interactions. Increasing the energy further provided additional insight on which chemical species may be liberated from the specimen surface. When icosahedra 1 and 2 were broken (Fig. 4  C and D) , species, such as B2 and B2C, were released and are responsible for the multiple hit events that were recorded in the APT dataset (Fig. 3D) . The QM simulations further suggest that, even at the highest energies, the icosahedra break sequentially, which can be used to explain the well-defined crystal lattice Fig. 4 . The structural evolution of surface boron carbide icosahedra and chains at (A) the ground state, (B) a higher applied energy state, where one icosahedron starts to disintegrate, and (C and D) even higher applied energy states, where small molecular species can detach from the surface. Solid lines indicate the periodic boundaries, and shaded atoms in the bottom layer serve as the fixed boundary.
information in the acquired atom probe data (Fig. 2) . To further examine the relative stability of the icosahedron and chain, we constructed a slab model with a surface icosahedron and an exposed C-B chain fragment and computed the minimum energy to extract a B-C diatomic unit from both the surface chain and the icosahedron (Fig. S5) . The details of these calculations are described in SI Materials and Methods, and the results indicate that the required extraction energy for the surface chain is greater than for the surface icosahedron: 12.15 vs. 9.18 eV. This finding is consistent with our APT experiments evidencing that the icosahedra fragment easier than the chains.
Conclusions
In summary, the combination of atom probe experiments and QM simulation provides unique insight into the structural stability of boron carbide. Here, we show that the icosahedra in boron carbide are not as stable as previously anticipated and that the chainicosahedron bonds are stronger than expected, which corroborates the hypothesis suggested by previous QM simulations that chainicosahedra interactions trigger shear amorphization (17) . This observation provides a key to understanding amorphization and the loss of ballistic performance in boron carbide. Furthermore, investigating the evaporation statistics using APT allowed us to conduct a characterization of the relative stability and the interactions of icosahedra and chains in boron carbide. This approach can be applied to directly compare the structural stability and chemical bond strengths of the building blocks in other hierarchical materials as well.
